In this study, the hypothesis was tested that the size of gastrointestinal tract (GIT) mucosal components and rates of epithelial cell proliferation and apoptosis change with increasing age. The aims were to quantitatively examine GIT histomorphology and to determine mucosal epithelial cell proliferation and apoptosis rates in neonatal (<48 h old) and adult (8 to 11.5 yr old) dogs. Morphometrical analyses were performed by light microscopy with a video-based, computer-linked system. Cell proliferation and apoptosis of the GIT epithelium were evaluated by counting the number of Ki-67 and caspase-3-positive cells, respectively, using immunohistochemical methods. Thickness of mucosal, glandular, subglandular, submucosal and muscular layers, crypt depths, villus heights, and villus widths were consistently greater (P < 0.05 to P < 0.001), whereas villus height/crypt depth ratios were smaller (P < 0.001) in adult than in neonatal dogs. The number of Ki-67-positive cells in stomach, small intestine, and colon crypts, but not in villi, was consistently greater (P < 0.01) in neonatal than in adult dogs. In contrast, the number of caspase-3-positive cells in crypts of the stomach, small intestine, and colon and in villi was not significantly influenced by age. In conclusion, canine GIT mucosal morphology and epithelial cell proliferation rates, but not apoptosis rates, change markedly from birth until adulthood is reached.
INTRODUCTION
After birth, total mass and mucosal weight of the gastrointestinal (GI) tract (GIT) of dogs continue to increase and differentiate (Lützen et al., 1976; Paulsen et al., 2003) . Epithelial cells of the GIT experience permanent renewal that includes cell proliferation, migration, differentiation, apoptosis, and cell shedding into the intestinal lumen (Creamer et al., 1961; Johnson, 1988; Hall et al., 1994; Potten, 1997; Bjerknes and Cheng, 2005) . Homeostasis of these activities is essential for the maintenance of GI mass and for structural and functional properties (Johnson, 1988; Hall et al., 1994; Karan, 1999) . Knowledge of proliferation and apoptotic rates is therefore important for the understanding of the normal developmental and aging processes and may contribute to the understanding of GI diseases, such as inflammatory bowel disease, food-responsive diarrhea, and malignancies (Hall and Batt, 1990; Que and Gores, 1996; Allenspach and Gaschen, 2003; Edelblum et al., 2006) .
In the dog, the morphology of the small intestine (SI) and proliferation rates have been found to change ontogenetically (Schwarz and Heird, 1994; Ward and Torihashi, 1995; Paulsen et al., 2003; Baum et al., 2007) . There are also marked developmental changes of the immune system, such as in lymphocytes (Pfammatter et al., 2008) . To the best of our knowledge, studies on histomorphometrical changes of the GI mucosa, in combination with evaluations of epithelial cell proliferation and of apoptotic rates, have not yet been performed in dogs at different ages. Therefore, we have tested the hypothesis that the size of GIT mucosal components and rates of epithelial cell proliferation and apoptosis change with increasing age. The aim of this study was to perform histomorphometrical analyses of the GI mucosa, combined with the assessment of proliferation and apoptotic changes of epithelial cells, in the GIT in very young (<48 h old) compared with adult (8 to 11.5 yr old) dogs.
MATERIALS AND METHODS
The necessary authorizations for the project and euthanasia (of neonatal and adult dogs) were obtained from the Committee for Animal Experimentation of the Canton of Bern, Switzerland.
Dogs, Feeding, and GI Tissue Collection
Neonatal Beagle dogs (<48 h old; 2 males and 4 females) were supernumerary dogs from a research breeding facility and were obtained from Research and Consulting Company (Füllinsdorf, Switzerland) . Adult Beagle dogs (8 to 11.5 yr old; 2 males and 4 females) were obtained from Novartis Animal Health (St. Aubin, Switzerland). The adult dogs were killed for reasons independent of our study: 3 of them because of age, 2 because of neoplastic disease not involving the GIT, and 1 because of age and rupture of the cruciate ligament. Dogs were killed with pentobarbital (150 mg/kg of BW), administered intravenously in adult dogs and intracardially in neonatal dogs after adequate sedation with medetomidine (Orion Corporation, Espoo, Finland) and ketamine (E. Gräub AG, Bern, Switzerland) subcutaneously in neonatal and adult dogs.
The adult dogs in the study initially suckled on their dam (for about 2 mo). After weaning, these dogs were fed a diet for growing dogs, and upon reaching the mature weight (at the age of about 1 yr), they were fed a commercial premium pet food for normally active adult dogs (#830, Biomill, Granges-Marnand, Switzerland). According to the information from the producer, the food contained, in descending order: poultry meal, wheat, maize, poultry fat, rice, sugar beet, whole soya flour, maize gluten, liver hydrolysate, dried vegetable, fishmeal, oligosaccharides (acacia fibers), cod liver oil, brewer's dried yeast, lecithin, yucca extract, and premixes of minerals and vitamins. The key values were water, 9%; CP, 26%; crude fat, 15%; N-free extract, 40.5%; crude fiber, 2.5%; crude ash, 7%; calcium, 1.15%; inorganic phosphorus, 0.8%; n-6 fatty acids, 3%; and n-3 fatty acids, 6%. We did not have control over feeding.
After euthanasia, the abdominal cavity of the dogs was immediately opened. Pieces of the GIT (2 to 3 cm long) were taken from the antrum pylori, flexura duodeni, mid jejunum, ileum, and flexura coli and immediately immersed in a phosphate-buffered paraformaldehyde (40 g/L) solution. After 24 h, a 4-mm-thick cross-sectional piece was cut from each sample and embedded in a paraffin block. Cuts 3-to 4-μm thick were made from each block.
Histomorphometry of the GI Mucosa
For histomorphometric analyses, hematoxylin-and eosin-stained slides were used. Morphometrical analyses were performed with a light microscope connected to a video-based, computer-linked system with the act2U software (Nikon, Tokyo, Japan) that allowed us to measure lengths and widths.
Measurements were made for each location (stomach, duodenum, jejunum, ileum, and colon), as shown in Figure 1A to 1C. At 4 sites per location that were equally distant from each other by localization in a clockwise manner around the center of the selected tissue area, we measured the thickness (in μm) of the tunica mucosae, the tunica submucosa, and the tunica muscularis. The tunica mucosae was subdivided into 2 compartments: the lamina propria (LP) was measured together with the lamina muscularis mucosae and defined as the subglandular mucosal layer. The rest of the mucosa, defined as the glandular layer, was obtained by subtracting the values of the measurements of the subglandular mucosal layer from the values of the measurements of the tunica mucosae. In the SI, for villi and crypt measurements, we evaluated the first 5 well-oriented villi and their adjacent 10 crypts. Villus heights and widths, as well as crypt depths, were measured. In the colon, 10 well-oriented crypts were chosen and their depths were determined.
Proliferation and Apoptosis of GI Epithelial Cells
The proliferation of GI mucosal cells was evaluated by counting cells that were positive for protein Ki-67 (Wong and Wright, 1999) . This protein is exclusively expressed in the nuclei of all proliferating cells, from phase G1 to phase M (Scholzen and Gerdes, 2000) . To detect the Ki-67 protein, a monoclonal antibody against Ki-67 was used as described previously (Blättler et al., 2001 ) and visualized using a peroxidase-labeled polymer (Envision, Dako, Baar, Switzerland).
The apoptosis of intestinal mucosal cells was evaluated by counting cells that were positive for activated caspase-3. Caspase-3 belongs to the group of effector caspases and is a central player in mediating apoptosis (Chang and Yang, 2000; Otsuki et al., 2003) . To detect the active caspase, an affinity-purified polyclonal rabbit antibody was used that is able to specifically recognize the cleaved active form of caspase-3 and was shown to detect also canine caspase-3 (Dandrieux et al., 2008) . The positive reaction was visualized by the labelled strept-avidin-biotin-method technique.
In more detail, mounted specimens were dewaxed, rinsed with water, and then with Tris-buffered saline (TBS; 0.01 mol/L; anti-Ki-67 antibody) and PBS (0.01 mol/L; anti-cleaved caspase-3) 3 times for 5 min. Antigen retrieval was performed using a steam autoclave at 1 bar for 20 min and citrate buffer (pH 6). Endogenous peroxidase was blocked with 3% H 2 O 2 in methanol for 10 min. The slides were rinsed with water and TBS and PBS, respectively. Slides for anti-cleaved caspase-3 were incubated for 20 min with 5% goat serum. AntiKi-67 antibody (monoclonal mouse anti-human, clone MIB-1, Dako; diluted 1:100 with TBS) and anti-active caspase-3 antibody (directed against a peptide from the Canine gastrointestinal epithelium p18 fragment of the human caspase-3, diluted 1:125 with PBS; Promega, Dübendorf, Switzerland), respectively, were added to each section and incubated for 30 and 90 min at room temperature, respectively. The sections were then rinsed with TBS and PBS, respectively. Slides for the detection of Ki-67 were incubated for 30 min with peroxydase-labeled polymer (Envision + Dual Link; Dako) and slides for the detection of activated caspase-3 with a biotinylated secondary antibody (Dako) for 10 min at room temperature, respectively. For the detection of cleaved caspase-3 the specimens were then incubated for 10 min with streptavidin horseradish peroxidase and rinsed with PBS. The specimens were incubated with Liquid Diaminobenzidine + Substrate Chromogen system (Dako; anti-Ki-67) and AEC chromogen (β-amino-9-ethylcarbazole; Dako; anti-caspase-3) for 5 min, rinsed in distilled water, and counterstained with hematoxylin. The sections were finally observed under a microscope connected to a video-based, computer-linked system with the act2U software that allowed determination of areas of selected tissue parts.
In the stomach ( Figure 1A ), cell proliferation and apoptotic rates were evaluated in 5 areas that were localized at equal distances from each other. The measurement was made with a 20-fold magnification from the mucosal surface to the base of the glandular layer (i.e., stomach glands, which were considered as crypts of the stomach). The Ki-67 and cleaved caspase-3-positive cells were counted per measured field and separately in the lamina epithelialis (LE) and in the interglandular LP of the mucosa and expressed per 10,000 μm 2 in the LE, in the LP, and as a total (LE + LP).
In the SI ( Figure 1B ), cell proliferation and apoptotic rates were evaluated in the crypt base and in the villi. For crypts, 5 areas of the mucosa, localized at equal distances from each other, were selected. The Ki-67 and cleaved caspase-3-positive cells were counted with a 40-fold magnification per measured field and expressed per 10,000 μm 2 of crypt mucosa. The Ki-67 and cleaved caspase-3-positive crypt cells of the LE were counted separately from those in the LP. This resulted in the number of proliferating cells per 10,000 μm 2 mucosa in the crypt LE and in the crypt LP and served as a measure of the total number of mitotic cells in the crypt mucosa (LE + LP). For villi, 5 areas were selected, each one of which delineated 1 well-oriented villus. The Ki-67 and cleaved caspase-3-positive cells were counted with a 40-fold magnification per measured field and expressed per 10,000 μm 2 of villus mucosa. The Ki-67-positive villus cells of the LE were counted separately from those in the LP and served together as a measure of the total number of mitotic cells (LE + LP).
In the colon ( Figure 1C) , areas of the mucosa were measured at 5 places, localized at equal distances from each other. The measurement was made from the crypt base to the highest and widest points still visible with a 40-fold magnification. Then, Ki-67-and cleaved caspase-3-positive cells were counted per measured field, separately in the LE and in the LP, and served together as a measure of the total number of mitotic cells per 10,000 μm 2 of crypt mucosa (LE + LP).
Statistical Analyses
For statistical analyses, NCSS2007 (Number Cruncher Statistical Systems, Kaysville, UT) was used. Histomorphometric, proliferative, and apoptotic values are expressed as means ± SEM. Histomorphometric values and the number of Ki-67-and caspase-3-positive cells for each group and differences between groups (adults vs. neonatals) were analyzed using a repeated measures ANOVA procedure with age group as the betweengroups and intestinal site as the within-subjects repetition factor. Effects of the sex were also evaluated. However, because of the small number of dogs studied, and because of the uneven distribution of males and females within the 2 groups, the interpretation was difficult and possibly misleading. We have therefore decided not to present results of or to comment on sex effects. The ANOVA was according to the following model: Y ijk = μ + a i + b k + (a × b) ik + ε ijk , where Y ijk = prediction for the ith subject or dependent variable, μ = grand mean, a i = between-group factor, such as age or sex, b k = within-subject repetition factor (here GI site), (a × b) ik = interaction between a and b, and ε ijk = residual error (difference between predicted and observed Y). When the overall F-test for a main effect was significant, group differences were identified by post-hoc Tukey-Kramer multiple-comparison test.
RESULTS

Histomorphometrical Analyses of the GIT in Neonatal and Adult Dogs
As shown in Table 1 , there were age effects on all traits (P < 0.05 to P < 0.001). The thickness of mucosal, glandular, subglandular, submucosal and muscular layers, crypt depths, villus heights, and villus widths at all intestinal sites was consistently greater (P < 0.05 to P < 0.001) in adult than in neonatal dogs, whereas villus heights/crypt depths ratios were much smaller (P < 0.001) in adult than neonatal dogs. For all traits, there were differences (P < 0.05) among intestinal sites within groups, but these characteristics were not consistent between neonatal and adult dogs across GIT sites. For all GIT locations, except for villus width, there were group and GIT site interactions (P < 0.05 to P < 0.001).
GI Epithelial Cell Proliferation, Based on Ki-67-Positive Cells, in Neonatal and Adult Dogs
Cells positive for Ki-67 in the epithelium were mainly present in crypts (and thus in the LE) and in the SI at the base of the villi [i.e., in the generally known proliferation compartment (not shown)]. As shown in Table 1 Gastrointestinal sites: STO = stomach, DUO = duodenum, JEJ = jejunum, ILE = ileum, COL = colon.
2 ANOVA: age = effect of group (neonatal vs. adult dogs); site = effect of gastrointestinal site for both groups (neonatal and adult dogs); age × site = group and gastrointestinal site interaction.
*P < 0.05; **P < 0.01; ***P < 0.001; NS, P > 0.05.
3 Differences (P < 0.05) among gastrointestinal sites.
Canine gastrointestinal epithelium Table 2 , there were age effects on stomach, all sites of the SI and colon (total, LE, and LP), but not in villi (P < 0.01 to P < 0.001). The number of Ki-67-positive cells was consistently greater (P < 0.01 to P < 0.001) in neonatal than in adult dogs in crypts of the stomach and SI, but not in colon (total and LE) and not in villi.
The number of Ki-67-positive cells in crypts, but not in villi, was also significantly influenced by GIT sites, but the differences between neonatal and adult dogs were not consistent across GIT sites. For crypts of all GIT locations and for villus LE, there were group and intestinal site interactions (P < 0.05).
GI Epithelial Cell Apoptosis, Based on Cleaved Caspase-3-Positive Cells, in Neonatal and Adult Dogs
Cleaved caspase-3-positive cells in the epithelium were mainly present in crypts and were randomly distributed along epithelial cell migration routes; in the stomach they were mainly found at the base of gastric glands and in part at the surface of the mucosa, in the SI in the crypts base and in the villus epithelium, and in the colon in crypts (not shown). As shown in Table  3 , there were no age effects on the number of caspase-3-positive cells in crypts of stomach or SI and colon, and in villi. The number of caspase-3-positive cells in crypts of stomach, SI, and colon (total and LE, but not LP), and in villi (total and LP, but not LE) was influenced (P < 0.05) by GIT sites, but differences between neonatal and adult dogs were not consistent across GIT sites. For caspase-3-positive cells in crypts of the LP, there were group and intestinal site interactions (P < 0.05).
DISCUSSION
The focus of this study was the GIT epithelium because it is the first line of interaction with ingested nutritional factors and microorganisms and is involved in chronic enteropathies, such as inflammatory bowel disease and food-responsive diarrhea. Although quantitative evaluations of the canine intestinal mucosa have been made before (Hart and Kidder, 1978; Paulsen et al., 2003; Baum et al., 2007) , our current study on histomorphometrical changes of the GIT mucosa is expanded by the inclusion of epithelial cell proliferation, as well as apoptosis rates in neonatal and adult dogs. Importantly, all dogs were Beagles, thus excluding possible breed effects.
Values of all histomorphometrical traits (except villus height/crypt depth ratios) were markedly greater in adult than in neonatal dogs, indicating important ontogenetic changes. These were likely the consequence of adaptations to nutritional and other factors (such as microbes). The overall increase of the measured traits was associated with an increased thickness of the GIT, to which the muscular layer contributed most and the subglandular layer least. The thickness of the stomach did not increase more than other parts of the GIT, although its size is known to increase exceptionally after birth (Widdowson et al., 1976) . The 23-, 18-, 13-, and 3-fold increases of the crypt depth in duodenum, jejunum, ileum, and colon, respectively, express a very different growth potential that decreased from the duodenum to the colon. Paulsen et al. (2003) also found a decreased crypt depth along the SI in dogs. However, because the total mucosa thickness of the duodenum, jejunum, ileum, and colon increased 4.2-, 2.8-, 2.7-, and 2.8-fold, respectively, the change was not only dependent on crypt depths, indicating that other factors contributed as well. Whereas Paulsen et al. (2003) found smaller villus heights in the SI of Beagle dogs, we found increased villus heights (besides villus widths and areas) in adult than neonatal dogs. The reduced villus height/crypt depth ratios in the SI in adult as compared with neonatal dogs, as also found by Paulsen et al. (2003) , express a relatively reduced efficiency of the crypt cell potential for villus growth in adult compared with neonatal dogs. This might be the result of reduced epithelial cell proliferation rates, reduced migration rates of epithelial cells from the crypts to the villus tip, or enhanced apoptosis and exfoliation rates of epithelial cells. The data in the current study indicate that epithelial crypt cell proliferation, but not apoptosis rates, were possibly involved. Enhanced exfoliation rates also may have been the result of the abrasive effects by nutritional components and contributed to the reduced villus height/crypt depth ratios.
As expected, for all traits, there were significant, but variable, histomorphometrical differences among intestinal sites. For all GIT locations, except for villus width, there were significant group and intestinal site interactions. Because histomorphometrical characteristics between neonatal and adult dogs were not consistent, factors influencing GIT traits in neonatal and adult dogs must have been different.
Based on the number of Ki-67-positive cells, epithelial cell proliferation in the GIT mucosa occurred in the LE (i.e., in crypts) rather than in the LP, as found previously (Blättler et al., 2001; Baum et al., 2007) . Importantly, there were considerable differences in cell proliferation rates in different parts of the GIT. Differences in the cell proliferation rate in crypts between jejunum and colon of dogs have also been described by Baum et al. (2007) . Sex effects on the number of Ki-67-positive cells were inconsistent. Cell proliferation in crypts of the newborn dogs was much greater than in adult dogs, except in crypts (total and LE) of the colon and in villi. Baum et al. (2007) demonstrated that the cell proliferation rate decreased with age in dogs and especially in the LP mucosae and in the lamina muscularis at the 2 GIT sites that they studied (jejunum and colon). In their study, the epithelial cell proliferation was, however, only weakly correlated with age. Correlations of cell proliferation rates and age could not be calculated in our study. The much greater villus height/crypt depth ratios (as indices of potential growth rate efficiency) and the greater Ki-67 expression ANOVA: Age = effect of group (neonatal vs. adult dogs); Site = effect of gastrointestinal site for both groups (P-value); Age × site = group and gastrointestinal site interaction. *P < 0.05; **P < 0.01; ***P < 0.001; NS, P > 0.05.
4 Differences (P < 0.05) among gastrointestinal sites.
5
Total mucosa comprising LE and LP.
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in our study in neonatal than in adult dogs shows that the size of the villi is not negatively affected by reduced proliferation rates in the crypts in older compared with newborn dogs. Cleaved caspase-3 was chosen as a marker of apoptosis because it is the final member in the chain of activated effector caspases that trigger the apoptotic process (Gown and Willingham, 2002) . It is realized, however, that there are also caspase-3-independent mechanisms of apoptosis (Cregan et al., 2004) . Apoptotic epithelial cells were found in the proliferative and nonproliferative zones (i.e., in the stomach mainly at the base of gastric glands and in part at the surface of the mucosa, in the SI mainly in crypts base and unevenly distributed in villi, and in the colon in crypts), as found previously (Hall et al., 1994; Potten, 1997) . Thus, there exist differences in the distribution of Ki-67-and caspase-3-positive cells. Furthermore, the absolute number of caspase-3-positive cells was a small fraction relative to the normal (non-caspase-3-positive) epithelial cells, in accordance with Potten (1997) . There were significant differences in the number of caspase-3-positive cells among GIT sites on total crypts, total villi, and LP, suggesting considerable regional differences in apoptotic rates. Relatively small numbers of apoptotic cells in the colonic epithelium, as in our study, seem to be typical, as shown for other species (Potten, 1997) . The greater number of caspase-3-positive cells in the crypts of the ileum than at other sites of the GIT, together with a relatively large number of Ki-67-positive cells in newborn and adult dogs at the same site, speaks for an increased epithelial cell turnover.
In contrast to Ki-67-positive epithelial cells, age did not affect the number of caspase-3-positive GIT epithelial cells. In rats, colonic crypt cell apoptotic rates did not change dependent on age (Lee et al., 2000) . The data from apoptosis rates in rat colon are conflicting with reports of no change (Lee et al., 2000) and decreased rates (Xiao et al., 2001) .
The lack of difference in the number of apoptotic cells between newborn and adult dogs was in marked contrast to the decrease of Ki-67-positive epithelial cells with increasing age. The greater size of the villi in adult than in neonatal dogs was therefore not the result of enhanced proliferation and reduced apoptosis rates of epithelial cells. Studies in rats indicate that the epithelial cell loss in the healthy GIT is mainly due to apoptosis and not to cell shedding (Hall et al., 1994) . Reduced cell shedding (without apoptosis) in the SI of epithelial cells from villi into the gut lumen seems unlikely because of the abrasive effect of nutrient components, which would expectedly have an opposite effect on villus size. However, an enhanced cell migration rate of epithelial cells from the crypts to the villus tips in adult dogs may contribute to their increased villus sizes.
The number of caspase-3-positive cells was much less than of Ki-67-positive cells (i.e., the proliferative cell/ apoptotic cell ratio was consistently increased). If true, epithelial cell proliferation rates would be greater than apoptotic rates. As a consequence, growth or maintenance of the GIT mass would be out of control. This was obviously not the case. This discrepancy can most likely be explained by differences in the kinetics of proliferative and apoptotic events that were measured with the 2 methods used in this study. Both methods determined only part of proliferative and apoptotic mechanisms and events, whose duration is known to be different.
This study confirms the hypothesis that the size of GIT mucosal components and rates of epithelial cell proliferation change with increasing age, whereas this is not the case with apoptosis rates. In the dog, differential diagnosis of chronic GI diseases, such as foodresponsive diarrhea, inflammatory bowel disease, and malignancy, is routinely based on histological evaluations of biopsies from the GIT. The present study may provide a better basis for the evaluation of canine enteropathies.
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